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M. D., AND R. I. HENKIN. Circadian variation in copper and zinc in man. J. Appl. Physiol. 31(l): 88-92. 1971 .~Copper and zinc metabolism were studied in 10 normal volunteers on a constant regimen consisting of an alternate 4 hourly intake of a liquid diet or distilled water, and a regulated amount of activity. Urine was collected in 4-hr periods and blood samples drawn in the middle of these periods. A circadian pattern of variation for serum copper and zinc concentration was demonstrated; serum copper was above the mean at 10 : 00 AM and 2 : 00 PM, at the mean at 6 :00 PM and 10 :00 PM, and below the mean at 2 :00 AM and 6 :00 AM. Serum zinc was above the mean from 10 :00 AM to 10 :00 PM and below the mean at 2 : 00 AM and 6 :00 AM. This pattern persisted in two subjects who received 2.5 mg of prednisolone every 6 hr for 3 days. A circadian pattern for the urinary excretion of copper but not for zinc was demonstrated. Serum ceruloplasmin tended to follow serum copper concentrations, and suggested that the regulation of metal binding proteins may be important in the circadian pattern of these metals observed in serum. circadian rhythms; steroid effects on metals in blood and urine; urinary excretion of copper and zinc; serum concentrations of copper and zinc; metal binding in relation to renal excretion of metal IT IS WLL KNOWN that there is in man a circadian variation in the urinary excretion of several electrolytes.
This pattern has been observed for monovalent metals such as potassium and sodium, for divalent metals such as calcium and magnesium, and for some anionic groups such as chloride and phosphate ( 19, 25 
METHODS
The subjects of the study were 10 normal volunteers, 19-38 years of age, including one man and nine women. All subjects were hospitalized for approximately 1 week prior to study to allow accommodation to hospital routine. Medical and laboratory examinations revealed no significant deviations from normal in any subject. All remained on a metabolic ward throughout the study. Physical activity was controlled and no strenuous activity was allowed. Each subject was mainly upright from 8: 00 AM to 10: 00 PM and remained in an illuminated environment. From midnight to 8: 00 AM each subject remained in bed, in the dark, except to use the bathroom, as necessary. All subjects took 500 ml of a constant liquid diet at 8~00 AM, 4:00 PM, and 12:OO midnight throughout the study. The diet was well tolerated by all subjects. Each 500 ml contained 105 pug of copper and 1,350 pg of zinc. Distilled water (400 ml) was drunk at 12 : 00 noon, 8 : 00 PM, and 4: 00 AM on each day of the study. All studies commenced at 8: 00 AM. Urine was collected in 4-hr periods in plastic containers starting at 8 : 00 AM on the 1st day of the study and continued throughout the entire study. Blood samples were taken in plastic syringes in the middle of each 4-hr period during the 2nd and/or 3rd days of the study. Each blood sample was transferred to a copper-and-zinc-free tube immediately after withdrawal and allowed to clot for 15-30 min. After centrifugation the serum was transferred to another copperand-zinc-free tube, and stored at 4 C. In some subjects blood was collected for as long a period as 56 hr. In two subjects, after the first 3 days of the study, prednisolone 2.5 mg was given orally every 6 hr starting at 8:00 AM for 3 days and blood collected on the last 2 days of the study.
Serum and urine were analyzed for total copper and zinc simultaneously by atomic absorption spectrophotometry by a method previously described (17). Copper and zinc in serum were expressed as micrograms per 100 ml of serum and in urine as micrograms per 4-hr collection period. For clarity of presentation of the data and to correct for different base-line levels, all serum results were expressed as percent change from the mean and plotted as mean & 1 standard error of the mean (SEM). To accomplish this each subject's value for a given time point on a given day of the study was expressed as a percentage of his 24-hr mean for that day and then this percentage was combined with those of the other subjects for that given time period corresponding to that given day of their study. This resulted in a mean =t SEM for all subjects at each similar time point of the study. Tests of statistical significance were obtained by comparing the mean & SEM of each time point with that of the 24-hr mean =t SEM. There were no systematic differences in the representation of the data either 'as absolute values or as percent change from the mean. Ceruloplasmin in serum was measured by an autoanalyzer modification of the oxidase method of Holmberg and Laurel1 (15) and expressed as milligrams per 100 ml of serum. Serum and urine were analyzed for creatinine by the method of Chasson et al. (5). Serum albumin and total serum protein were
TIME IN HR measured by the bromocresol (7) and biuret (10) methods, respectively.
All blood and urine from each subject were FIG. 3 . Changes in total serum zinc, expressed at each time point for one 24-hr period as the mean percent change from each subject's analyzed at the same time.
24hr mean zf= 1 SEM.
Ail serum values of copper, zinc, ceruloplasmin, creatinine, albumin, and total protein were within normal limits as were similar values in urine, except for ceruloplasmin, albumin and protein, which were not measured. All creatinine clearances were normal also. IO 
RESULTS
There is a circadian variation in serum copper concentration which is greater than the mean (as great as 6% above the mean) at 10: 00 AM and 2: 00 PM, is essentially equal to the mean at 6: 00 PM and 10: 00 PM, and falls to a level significantly below the mean (as great as 8 % below ---Y--M- the mean, P < 0.01) at ZOO AM and 6:OO AM (Fig. 1 ). This pattern persisted for up to 56 hr which was the longest study conducted in this series. Serum concentration of ceruloplasmin showed a similar but less marked circadian pattern of variation (Fig. 2) . This was as great as 4 % above the mean at 10: 00 AM to as great as 7 % below the mean at 6:00 AM.
There is a circadian variation in serum zinc concentration which is also similar to that of serum copper concentration. (Fig. 3) . This pattern, similar to that of serum copper conIt was greater than the mean from 10: 00 AM to 10: 00 PM centration, persisted for up to 56 hr.
(as great as 7 % above the mean) and between 2: 00 AM and 6: 00 AM fell to a low point which was significantly below the mean (as great as 8 % below the mean, P < 0.01) Urinary copper excretion tended to be lower from 8: 00 PM to 4:00 AM than at other times of the day (Fig. 4) . This was true whether the data were expressed as micrograms excreted per 4 hr or micrograms excreted per milligram of creatinine per 4 hr. The fit of a 24-hr cosine curve to the urinary copper data according to Halberg (12) yielded an amplitude, C, of 1.53, the standard error (SE) of this amplitude being Ob 127. The ratio SE/C was 0.083. This finding can be used to reject the assumption of a zero circadian amplitude.
The detection of a circadian rhythm in urinary copper excretion by this approach is significant below the 1% level.
Urinary zinc excretion showed no obvious circadian pattern of variation over 24 hr, but did seem to be higher in the 4-hr collections after eating (Fig. 5) of serum copper were consistently higher during prednisolone administration (Fig. 8 ) and this also occurred for serum zinc in four of six comparisons (Fig. 9) . The pattern of serum ceruloplasmin was unchanged by this administration as were the absolute levels. The pattern of urinary copper and zinc excretion did not change significantly during carbohydrate-active steroid administration except that the possible dietary influence on urinary zinc was no longer present. Although there were no definite changes in the patterns of serum or urine copper or zinc, the absolute levels in the serum were generally higher and the amount excreted in the urine was uniformly higher during prednisolone administration than in control periods (Figs.  10 and 11) . DISCUSSION These data demonstrate that a circadian pattern of variation is present for serum concentration of copper and zinc in man. This pattern was apparent during a time when the subjects' life pattern under study was rigidly controlled; i.e., dietary intake was regulated as to content and time of intake, blood and urine samples were collected at fixed intervals over several days, activity was carefully monitored, and each subject was confined to a metabolic ward in which spontaneous idiosyncratic activity was limited. Under these conditions a circadian pattern of variation of these transition metals in serum was apparent. This pattern was .of age and was apparent in one man as well as in nine women. There was no obvious circadian pattern of variation noted for serum albumin or for total protein although such a pattern for total serum protein has been previously observed ( 11). S erum ceruloplasmin, however, which is the major copper-carrying protein in serum, followed a pattern of variation similar to that of total serum copper.
Previous workers have shown a similar pattern for serum copper (20), but have failed to show a similar pattern for serum zinc (13).
The changes observed in total serum copper concentration may be due to changes in serum ceruloplasmin. This is suggested by the similarities observed in their circadian patterns of variation. This question will not be definitively answered until free copper can be measured consistently in serum. Though there may well be specific zinc-carrying proteins in serum they are not well characterized presently and were not measured in this study. Th e presence of a circadian rhythm in urinary copper excretion has been previously observed (2). The demonstration of a circadian pattern of variation in both total serum copper and copper bound to ceruloplasmin, and a circadian pattern of excretion of urinary copper suggests that there is also a circadian pattern of variation of "free" or nonceruloplasmin-bound copper.
Since ceruloplasminbound copper is presumably too large to pass the glomerular membrane under normal conditions then the cyclic fluctuation observed in urinary copper excretion may be due primarily to the cyclic variations in free or nonceruloplasmin-bound copper. The lack of a discernible circadian rhythm in urinary zinc excretion in this study is in contrast to a previous report of the existence of such a pattern for this ion (8) 
